The study of ground motion data from small earthquakes in Tangshan region shows considerable effects of the source process on the ground motion. In order to remove the source effects, a semi-empirical method for predicting strong ground motion using the records of small events as empirical Green's functions is presented. In the method the structure response is derived from the records of small events by deconvolution with their slip functions. The ground motion of a large earthquake is calculated by convolutions of its slip time history with these empirical Green's functions. The method of obtaining the empirical Green's functions has been proved effective by numerical experiments.
INTRODUCTION
An important task of engineering seismology is predicting strong ground motion generated by potential large earthquakes. To do this requires the joint efforts of seismic hazard evaluation, studies of source process and determination of the structure response (the Green's functions) (Yao & Zheng 1985) .
Seismic hazard evaluation could be made by statistical analysis of the information from historial seismicity and local geology. The basic information on complex rupture process of large earthquakes comes from the studies for near-field records. Very few strong motion records from large earthquakes at small epicentral distance currently exist. Broad band teleseismic records, and the short and long period telesismic records have been used to understand the source properties of large earthquakes (Geogre & Boatwright 1988; Mendoza & Hartzell 1988) . Various numerical methods have been developed to compute the Green's functions. However, it is difficult to get accurate theoretical Green's functions. In actual problems the structure is not known in detail. Even if the structure is reasonably well known, it is usually laterally heterogeneous and the computation of Green's functions is extremely difficult, if not impossible. As a substitute, Hartzell (1978) proposed the idea of using observed seismograms of small earthquakes as the empirical Green's functions.
A general approach of simulating ground motion of large earthquakes using small events as the empirical Green's functions is to sum the ground motion of the small events directly (Kanamori 1979) . In this approach the ground * Institute of Engineering Mechanics, State Seismological Bureau, Beijing, China. motions generated by small earthquakes could be considered as the empirical Green's functions incorporating the effects of propagation path and site response. It is also postulated that the small earthquakes are the sub-rupture events of a large earthquake. The small earthquake to be considered as the sub-rupture event should be comparable, both in rupture duration and geometry, to the sub-events of a large earthquake. ThL condition is rarely met in practice and limits the wide use of the method. Therefore it is desirable to develop a method of obtaining the empirical Green's functions representing the structure response only.
In developing this technology we confront two problems: removing the effects of source process and correcting the effects of directivity. In the present paper, data analysis and the method for solving the first problem will be given. In the following sections, we analyse first the ground motion data obtained from small earthquakes (ML = 3.4-5.7) in Tangshan region. It is seen that in addition to the site condition, the source property is another important factor affecting the spectral characteristics of strong ground motion. So the effects of source should be removed when the small events are considered as the Green's functions. Next we propose a method of removing the source effects by deconvolution. As a test of the technique, a numerical experiment utilizing small earthquake data is made. Finally a numerical example of estimating the ground motion of a large earthquake is given.
D A T A ANALYSIS
A number of strong ground motion records from several earthquakes at a few stations have been taken since the digital strong motion array in Tangshan region began to operate in 1982 July (Peng et af. 1984) . These data provide 10 T. Y. Zheng et al.
us with a good opportunity to study the effects of both the source and the site on the ground motion in detail. The records from different events at stations TS-18, TS-02 and TS-07, which have different thicknesses of sediment, are studied. The site conditions of these stations are listed in Table 1 , where H, is the thickness of the sediment layer.
The earthquake parameters are listed in Table 2 . Since for event 82-046 there are no records at station TS-18, the records at station TS-12 will be chosen instead. Fig. 1 shows the strong motion array region with the locations of the stations and the epicentres used in this paper. 
Site response
The Fourier spectra of the vertical, radial and transverse acceleration records of earthquake 82-046 (ML = 5.7) at stations TS-12, TS-02 and TS-07 are shown in Fig. 2 . The response spectra with a 0.02 damping are shown in Fig. 3 , which are derived from the acceleration response divided by the maximum absolute value of the ground acceleration. This is referred to as the dynamic amplification factor. It can be seen that there are significant differences in the spectral characteristics of the data from stations with different sediment thicknesses. With increasing sediment thickness the low frequency component becomes more significant. The long period limit, within which the dynamic amplification factor is larger than unity, varies in the range 0.19-0.25s for station TS-12, 0.3-0.42s for TS-02 and 0.7-0.9 s for TS-07 (as shown in Table 3 ). The results of waveform modelling for event 82-046 by synthetics (Yao, Zheng & Xie 1987) have shown that the prolonged wiggle in the strong ground motion records can be explained by the contributions of multiple reflections in the unconsolidate sediment layer near the station. The top trace in Fig. 4 is the velocity integrated from the recorded acceleration in the transverse direction for 82-046 at TS-07. The bottom trace is the synthetic calculated for a crustal model without a sediment layer. There are only two main phases shown in the trace, one is the direct phase (ray 1 in the ray scheme at the bottom of Fig. 4 ) and the other is reflected from the lower interface of the model (ray 6). The middle trace is the synthetic for the same crustal model but with a shallow low velocity layer about 60 thick. Comparisons between the three curves show that the observed coda is due to the multiple-reflections in the sediment layer (e.g. rays 2,3,4,5, and rays 7,8,9,10). These reflections cause the response spectra to increase at the corresponding period. The natural period of a sediment layer is about 4 Hr//3, where H, and /3 are the thickness and shear velocity of the sediment layer, respectively. Because H, and /3 vary in different sites, the predominant periods of 
Source effects
Studies of small events (ML = 3.4-4.2) show that the spectral characteristics of the ground motion at stations TS-18 and TS-02 are similar to that of the larger events 82-046 and 84-006, but for the records at TS-07 the response spectra of small events seem to be narrower. As examples, the Fourier spectra and dynamic amplification factor of the vertical, radial, and transverse acceleration records for event 83-099 at stations TS-18,.TS-O2, and TS-07 are shown in Figs 5 and 6. Comparing with Figs 2 and 3, we can see that the long period components at TS-07 are obviously weaker in
Figs 5 and 6. The long period limit of the response spectra for the transverse ground motion at TS-07, defined in the above section, is about 0.7-0.9 s in Fig. 3 , and 0.2-0.3 s in Fig. 6 . The dynamic amplification factors of the transverse ground motion for all the events and the stations studied are shown in Fig. 7 . The response spectra of all the events are similar for the stations TS-18 and TS-02. However, for station TS-07, the response spectra from small events (ML = 3-4) are narrower than that from larger events 82-046 and 84-006 (ML = 5.3-5.7). The predominant periods of the fourier spectra are listed in Table 4 , and the long period limits beyond which the dynamic amplification factor falls below unity are listed in Table 3 . The obvious difference between smaller and larger events in the data at station TS-07 is shown in the two tables. As mentioned above, the spectral peak caused by multiple reflections in the sedimentary layer does not appear in the data at TS-07 for small events. According to studies of far-field radiation, the corner frequency of acceleration spectra is generally related to the rupture duration or faulting dimension: the greater the earthquake magnitude, the longer the rupture duration and the lower the comer frequency. So in the source spectra of larger events there are more low frequency components than in smaller events. The fact that the response spectra at TS-07 are narrower for smaller events can be explained by their narrow source spectrum. That is, at the period corresponding to the multiple reflections in the sediment layer near station TS-07 the source spectrum amplitudes of small events have decreased rapidly, so the effects of site on the ground motion become insignificant. This result indicates that for small events the site response is weak at long periods due to the effects of rupture duration. In order to form the empirical Green's functions representing the structure response using data from small events the effects of the source process on the spectral characteristics of the ground motion should be removed.
METHOD
The displacement u(x, t ) caused by shear slip D(5, t)n on the fault H has the components (Aki & Richards 1980) A where gjp is the Green's functiorl; A is the fault area, v is the normal to Z, 6 is the general position on X For a shear dislocation point source with the area AA u,(Q = P A A W ) * b p V q + nqvp1g,,,,(t).
(2)
This can be written as q(t) = P AAD(t) * Gj(t) = MoD(t) * G,(t).
(3)
Therefore we have
where 1/* means deconvolution, D ( t ) is referred to as source function or slip function, (.5 . is the jth component of ground motion, G, corresponds to the structure response with directivity factor. The bar means normalization, that is
where Do is the final slip.
Let the point sources A and B have the same epicentre location and source mechanism but different source process described by D ( t ) and d(t). From equations (3) The time histories of ground motion caused by the slip of a finite fault are given by integrating equation (1). Generally the fault of a large earthquake could be divided as a series of subfaults, and each subfault is considered as a point source. The ground motion of a large earthquake is the summation of the contributions from all the subfaults with appropriate time delays:
where N is the number of the subfaults; t , is the passing time of the rupture front and tpi is the travel time of P-wave from the ith subfault; Di is the slip function of the ith subfault; MOi is the seismic moment of the ith subfault and moi is that of the ith small event as Green's function. When the fault is divided into the subfaults with the same area, we have
Mo is the seismic moment of large earthquake, R, is the relative distribution of the final slip on the fault plane. In equation (7) is the Green's function representing the structure response, which can be derived from the records of small events occurred in the same region. Using (l/mo,)(u,, 1/ *dJ as a Green's function requires that the small event has the same location and source mechanism with the ith subfault of the large earthquake. A problem encountered in practice is that the sparse data could not provide us with enough Green's functions. The effort to develop a method for interpolating this sparse data set into a more spatially complete one has been made by Spudich 8~ Miller (1989) . In present paper the effects of directivity are ignored.
For calculating the seismograms of a large earthquake it is necessary to determine the slip functions d, and D,.
Referring to the fundamental pattern of the fault slip described by the numerical studies for dynamic rupture (Day 1982) we construct the function The values of these parameters are chosen according to the slip pattern. The details of determining these parameters will be discussed in the following sections.
NUMERICAL EXPERIMENTS
The data from 82-046 and 83-099 have been used to test the reliability of obtaining the responses of site and propagation path from small event records by means of equation (4). First the ground motion records of even 83-099 are utilized to obtain the Green's functions after removing its source effects by deconvolution. Next the synthetics are calculated by convolving the source function of event 82-046 with these Green's functions and then compared with the records of event 82-046. As shown in Fig. 8 the waveform modelling results for the transverse components of event 82-046 at station TS-07 (Yao et al. 1987) shows that for a small event the low frequency characteristics of the synthetics calculated by the point source are the same as that for the finite fault. Only the high frequency content has been lost in the results from the point source. As mentioned in the data analysis the differences of the specVal characteristics of events 83-099 and 82-046 mainly occur in the low frequency range. The rise time and the seismic moment for the two events are the parameters required to determine. The far-field displacement waveforms of P-and S-waves generated by a point source in a homogeneous medium are described by slip velocity function (Aki & Richards 1980) . In the near-field when the contributions of near-field terms is small, the pulse width of direct P-and S-waves can be used to determine the rise time of point source. The identification of direct P-wave is more difficult due to its small amplitude, therefore the direct SH-wave is chosen. For example, the transverse displacements generated by direct and multi-reflected SH rays by point sources with different rise times are calculated and shown in Fig. 9 . The calculation is done for a half-space model overlain by a low velocity layer of 60 m thick using generalized ray theory (Helmberger 1974) . The rise times are 0.2, 0.4, 0.6 and 0.8 s, respectively. The correspondence between the rise time and the pulse width of direct SH-wave is displayed clearly. We also calculate the initial parts of the transverse displacement for different structure models and source mechanisms but with same rise time. As shown in Fig. 10 , all traces have the same pulse width for the direct SH-wave. Therefore the rise time of the point source can be determined by fitting the calculated pulse width of direct SH-wave with the measured one. Generally the theoretical waveform can be calculated using a half-space model. For the site with a shallow layer of unconsolidated sediment, the reflection phase from this layer arrives rather early. The later part of the direct phase may be overlapped by the reflected ones, but it can be identified. In the case that the velocity structure of the site is known, a one layer half-space model is a proper model. Using this method we determined the rise time to be 0.2 and 0.4 s for event 82-046 and 83-099, respectively, as shown in Fig. 11 .
The values of seismic moment can be estimated by the empirical statistical formulas. We use the following formulas (Chen & Chen 1989 
and M, = 1. 13ML -1.08,
where M, and ML are surface wave magnitude and local magnitude, respectively. If necessary the maximum amplitude of ground motion can be corrected by the attenuation law of ground motion in the predicting region in order to avoid the uncertainties due to the fluctuation of acceleration for small events. In the present numerical experiment the difference of epicentral distances between events 82-046 and 83-099 at stations TS-02 and TS-07 will result in incorrectly computed amplitudes. For these two stations we have done the corrections using the coefficient
where a, is the average value of the recorded horizontal acceleration, a, is the calculated acceleration by the horizontal acceleration attenuation law in North China (Tian, Liao & Sun 1986) In Q = -3.606 + 0.8038M -1.1712 In R -0.0011R, where a is the acceleration in g; R = (A2 + 36)ln, A is the epicentral distance in km.
The synthetics of even 82-046 were calculated using equation (5). The comparison of the calculated results with the data of 82-046 are shown in Figs 12-14. Fig. 12 shows the normalized Fourier spectra of the vertical, radial, and transverse accelerations at TS-12, TS-02, and TS-07. Figs 13 and 14 shows the dynamic amplification factors and the accelerograms, respectively. A good fit of the calculated Fourier spectra and response spectra with the date of 82-046 can be seen from the figures. The fundamental features of the calculated and measured accelerograms at TS-12 and TS-07 agree well with each other. However, for station TS-02 the distances from the epicentres of 83-099 and 82-046 are 2.1 and 43.4km, respectively. The take off angle of reflected wave at the deep interface with shorter epicentral distance is smaller, and the reflection is weaker. It results in a shorter duration of ground motion. The great variation of epicentral distance caused the great difference in the ground motion duration between the theoretical results and the observations. The numerical results indicate that this approach is effective for obtaining the responses of the site and propagation path from small events by removing the source effect. In this method the effects of the directivity have not been considered. The good fit of spectral charactetistics between the measured data and calculated results shows that the spectral characteristics of ground motion seem insensitive to the directivity. The effects of epicentral distance on ground motion duration indicates that in order to have good synthetics we need data from small events with epicentral distances close to the distances from the subfaults of the large earthquake to the corresponding station.
ESTIMATION OF THE GROUND MOTION OF A LARGE EARTHQUAKE
The prediction of ground motion for a large earthquake can be made by this method in the region where the ground motions of a set of small earthquakes with different epicentral distances have been recorded. These records can be used to construct the empirical Green's functions. The magnitude, location and fault geometry of the large earthquake may be estimated by the seismic hazard evaluation. The empirical formula will be used to estimate the seismic moment. The information of the geology and historical seismic data provides the basis for designing the source model. Most large earthquakes have been recorded at far distance. Some information of source process, such as multiple-rupture events, rupture velocity, rupture delay time, far-field source time function, slip distributions and so on, could be obtained from waveform studies of teleseismic records, especially broad band records. The studies of dynamic rupture enhanced our understanding on fault slip process (Das 1981; Day 1982) . It is useful to consult these results. For a better prediction, several source models with different rupture patterns and azimuths are needed. A numerical example for describing the details of estimating the ground motion of a large earthquake is given. In the example, the records of small events at stations TS-07 and TS-03 are used to construct the empirical Green's functions; and the source model is designed to have the source properties of the Nahanni Earthquake of 1985 December 23, which were inferred from the analysis of broad band teleseismic records by George & Boatwright (1988) . The parameters of the Nahanni Earthquake are utilized to characterize the gross properties of the assumed earthquake and its subevents. Each subevent is considered as an uniform rupture event. The rupture process of the subevents are designed according to the results of dynamic rupture studies.
The large earthquake is assumed to occur as a shallow thrust with a centroid depth of 7.5 km. It is composed of three subevents. The fault plans are the same for all the three subevents with a strike of 200" and dip of 22". The second subevent occurs after a time delay of 0.8s, at a distance of 3.6 km and -31.4" from north with respect to the first subevent. The third subevent occurs after a time delay of 3.5 s, at a distance of 4.9 km and -170.9" from north with respect to the first subevent. The area of the initial subfault is 10 X 15 km2 with a rupture velocity ranging from 2.7 to 3.2kms-'. The area of the second subevent is 12.5 x 12.5 km2 with a rupture velocity of 2.7 km s-'. The area of the third subevent is 15 X 15 km2 with a rupture velocity of 2.6 km s-'. These parameters were estimated from the rise durations of far-field source time function and the asperity radii of the Nahanni Earthquake given by George & Boatwright (1988) .
Combining the numerical study of dynamic rupture by Day (1982) , the study of cut-off frequency f , , , by Zheng & Yao (1988) and the source parameters of the Nahanni Earthquake (George & Boatwright 1988) , we design the slip time history as follows. The distributions of slip velocity function for the three subevents are displayed in Fig. 15 . They are the time derivatives of the slip functions of equation (8). In the designed model the time duration corresponds to the rupture duration of the subfault; T,, to the passing time of the rupture front from the subfault to the boundary of subevent; and T, which is given by the subevent rise time of the Nahanni Earthquake, corresponds to the time interval between the passing time of the rupture front and the stopping time of the whole subevent. The final slip decreases from the rupture starting point to the subevent boundary gradually. The final slip at the boundary is about 75 per cent of the one at the starting point of the subevent. The seismic moment is 1.8 X ld6 dyn cm as in the case of Nahanni Earthquake. The ratio of the moments of the three subevents are 1 : 1.5 : 1.5. The fault is divided into subfaults of 2.5 X 2.5 km2. The seismograms are calculated by equation (7). In the calculation the seismic moment M,, slip functions Di and relative distributions of slip Ri have been given by the above-mentioned source model.
The designed epicentre is located in the west of the station TS-07 with the azimuth of 220" at a distance of 15 km. Records of small events at this station are utilized to obtain the empirical Green's functions. Because the data are insufficient, the records at station TS-03 which have similar site geology to TS-07 are also used. Some subfaults also share the same records from one small event. The seismic moments of the small events are estimated by the empirical formulas of equations (9) and (10). The rise time of small events are determined by the fit of the pulse width of the direct SH-wave as mentioned in the last section.
The predicted seismograms of U-D, E-W and N-S acceleration and velocity, the corresponding acceleration response spectra and the Fourier spectra of the large earthquake are shown in Figs 16-19. As expected, a similar gross feature of ground motion to the Nahanni Earthquake has been obtained, which is caused by the design source 
DISCUSSION
It is difficult to get accurate theoretical Green's functions because of the lack of knowledge of the Earth's velocity structure at short wavelengths and also because of the 30 sac deconvolution technique. The approach to construct the empirical Green's functions has been proved effective by numerical experiments. The source process of potential earthquakes occurring in the future is unknown. The prediction of ground motion attempts to estimate the range of the ground motion in the predicted region, rather than calculate the motion deterministically. It is favourable to design several source models of the large earthquake with different azimuths and rupture patterns.
Limited by the present data, the method has been tested using only earthquakes of magnitude 3-5. More data and tests are needed to justify if the present method can be extrapolated to make use of larger earthquakes. 
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We thank Dr Xie Xiao-bi for helpful discussions, and Dr Wu Rushan for reviewing the manuscript. The research was supported by the National Science Foundation of China. difficulty of calculating exact complete synthetic seismograms in a 3-D varying Earth structure. Locally recorded small earthquakes can give information on propagation path and site conditions, and have been directly used as the empirical Green' functions by some authors. The study of the ground motion data in Tangshan region has shown the considerable effects of the source process, especially the rupture duration, on the spectral characteristics of the ground motion. Therefore these effects should be considered when using the small event data as Green's functions. The method used to construct the empirical Green's functions in this paper is an effective technique to solve this problem.
In this semi-empirical method the large source process is not simply treated as the summation of records from small events. The structure response is derived from the data of small events after removing the source effects by the
